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We studied the effect of intervening saccades on the manual interception of a moving target. Previous studies suggest that
stationary reach goals are coded and updated across saccades in gaze-centered coordinates, but whether this generalizes
to interception is unknown. Subjects (n = 9) reached to manually intercept a moving target after it was rendered invisible.
Subjects either ﬁxated throughout the trial or made a saccade before reaching (both ﬁxation points were in the range of
j10- to 10-). Consistent with previous ﬁndings and our control experiment with stationary targets, the interception errors
depended on the direction of the remembered moving goal relative to the new eye position, as if the target is coded and
updated across the saccade in gaze-centered coordinates. However, our results were also more variable in that the
interception errors for more than half of our subjects also depended on the goal direction relative to the initial gaze direction.
This suggests that the feedforward transformations for interception differ from those for stationary targets. Our analyses
show that the interception errors reﬂect a combination of biases in the (gaze-centered) representation of target motion and
in the transformation of goal information into body-centered coordinates for action.
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Introduction
Manual interception of a moving visual target requires
sophisticated spatiotemporal control to steer the hand to
the right place at the right time. When the target moves
rapidly, or disappears from view, the brain must employ
open-loop transformations to account for future target
motion in order to overcome the delay in the visuomotor
coupling. The pertinent mechanisms must rely on visual
target motion, likely in combination with internal models of
the body and world (Brouwer, Smeets, & Brenner, 2005;
Dessing, Oostwoud Wijdenes, Peper, & Beek, 2009a;
McIntyre, Zago, Berthoz, & Lacquaniti, 2001; Soechting
& Flanders, 2008; Zago, McIntyre, Senot, & Lacquaniti,
2009).
While the kinematic characteristics of interception have
been studied extensively (e.g., Beek, Dessing, Peper, &
Bullock, 2003; Savelsbergh, Whiting, & Bootsma, 1991;
Zago et al., 2009), the neural computations and spatial
transformations for interception have remained largely
unexplored (Dessing, Peper, Bullock, & Beek, 2005;
Merchant, Zarco, Prado, & Pe´rez, 2009). As in reaching
toward stationary targets (Crawford, Medendorp, &
Marrotta, 2004), interception requires that target motion
signals, which necessarily enter the brain in a retina-
based, gaze-centered sensory reference frame, are at some
stage transformed into a muscle-based, body-centered
reference frame for action (Blohm & Lefe`vre, 2010).
However, in contrast to the many studies of reaching and
pointing (Crawford, Henriques, & Medendorp, 2011;
Crawford et al., 2004; Medendorp, 2011), the intermediate
reference frames and transformations for interception
remain to be studied.
Manipulations of gaze direction during interception
may reveal insights into the nature of these spatial
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representations. For example, studies with world-stationary
targets have shown that reaches systematically overesti-
mate the direction of the target relative to gaze (Beurze,
Van Pelt, & Medendorp, 2006; Bock, 1986; Enright, 1995;
Henriques & Crawford, 2000; McGuire & Sabes, 2009;
Medendorp & Crawford, 2002). When a saccade inter-
venes between viewing the target and reaching for its
remembered location, the resulting reach errors depend on
the post-saccadic rather than pre-saccadic direction of the
target relative to gaze (Henriques, Klier, Smith, Lowy, &
Crawford, 1998; Van Pelt & Medendorp, 2008; Vaziri,
Diedrichsen, & Shadmehr, 2006). Because the reach
overshoot arises even when subjects initially fixate the
target (and thus can most accurately represent it), the error
does not reflect a bias in the initial sensory-derived
representation of the target, i.e., it is not a “representation
bias”. Rather, the error is thought to arise during the
reference frame transformations that are involved in
reaching (Beurze et al., 2006; Henriques et al., 1998;
McGuire & Sabes, 2009; Figure 1). The dependency on
the post-saccadic eccentricity suggests that the initial
(gaze-centered) representation is updated across the
saccade before the (post-saccadic) “transformation bias”
arises. Similar reach errors have been observed under a
variety of conditions and for targets presented in a variety
of modalities (Byrne, Cappadocia, & Crawford, 2010;
Fiehler, Ro¨sler, & Henriques, 2010; Jones & Henriques,
2010; Khan, Pisella, Vighetto et al., 2005; Medendorp &
Crawford, 2002; Pouget, Ducom, Torri, & Bavelier, 2002;
Sorrento & Henriques, 2008; Thompson & Henriques,
2009; Van Pelt & Medendorp, 2008), which suggests that
world-stationary reach targets are coded and updated in a
gaze-centered reference frame. This behavioral inference
is supported by neurophysiological recordings and imag-
ing results that demonstrate dynamic updating reach
targets in posterior parietal cortex (Batista, Buneo,
Snyder, & Andersen, 1999; Medendorp, Goltz, Vilis, &
Crawford, 2003).
Given the nature of interception, where future target
position(s) and available movement time must be inferred
from target motion occurring elsewhere in the visual
periphery, one cannot simply expect results and mecha-
nisms similar to those observed for stationary targets
(Dessing, Oostwoud Wijdenes, Peper, & Beek, 2009b).
Because target motion may not be uniquely coded in
gaze-centered coordinates (Melcher & Morrone, 2003;
Neppi-Mo`dona, Auclair, Sirigu, & Duhamel, 2004),
movement plans for interception may be generated in
both gaze-centered and gaze-independent reference
frames (see also Battaglia-Mayer, Caminiti, Lacquaniti,
& Zago, 2003; Blohm & Crawford, 2007). Any error in a
pre-saccadic reference frame transformation would result
in a pre-saccadic transformation bias. While, as argued
above, pre-saccadic representation biases may not be
present for stationary targets, they may well be for
moving targets (see Brooks & Mather, 2000; Johnston &
Wright, 1986; Neppi-Mo`dona et al., 2004; Tynan &
Sekuler, 1982). During manual interception involving
saccadic updating, these additional visuomotor biases
would yield errors that depend on the initial gaze position.
The present study examines spatial updating mecha-
nisms during manual interception to address whether
(1) pointing errors during an open-loop interception task
depend on the target’s retinal eccentricity, and if so,
(2) whether these errors depend primarily on the final gaze
position at the time of reach, reflecting a dynamic gaze-
centered updating process. In our experiment, subjects
viewed moving targets that were suddenly occluded and
needed to be intercepted after some time. In the fixation
condition, their gaze was stable throughout the trial, while
in the saccade condition they shifted gaze with a saccade
during target occlusion, prior to the initiation of the
interceptive movement (Figure 2). We manipulated initial
and final gaze directions as well as the required location of
interception. Following the reasoning above, interception
errors that depend on the post-saccadic target location
relative to gaze should reflect a transformation bias of an
updated, gaze-centered spatial representation. As men-
tioned, any errors based on the target location relative to
the initial gaze direction, however, might reflect a pre-
saccadic transformation bias, a pre-saccadic representation
bias, or a combination of both. We show that interception
responses depend on the final and, less consistently, the
Figure 1. Simpliﬁed diagram of an essential part of the visuomotor
transformation for reaching. Gaze-centered representations of
target position (T) and hand position (H) are combined to calculate
the gaze-centered movement vector (MV), which is subsequently
transformed into a body-centered reference frame. While different
diagrams can be envisioned, the main point of this ﬁgure is to
illustrate the difference between representation and transforma-
tion biases. Representation biases are present in the target-
related inputs to MV (gray arrow), while transformation biases
arise in transforming the MV to body-centered coordinates (gray
connector). For stationary targets, pointing errors have been
argued to mainly reﬂect transformation biases, but for moving
targets, representational biases may be present in target motion
signals. In this ﬁgure, gaze-centered representations are updated
across eye movements (black arrows from eye movement
command).
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initial retinal target eccentricity. Our analyses suggest that
these effects reflect pre-saccadic representation biases and
post-saccadic transformation biases.
Methods
Subjects
We tested nine subjects (6 males, 3 females; mean age
25 T 5 years), who all signed informed consent before
participating in the experiment, in line with guidelines of
the Institutional Ethics Committee (Commissie Mensge-
bonden Onderzoek [Committee on Research Involving
Human Subjects], Region Arnhem-Nijmegen, The Nether-
lands). All subjects had normal or corrected-to-normal
vision, were right-handed (average laterality quotients:
0.94 [range 0.72–1.00]; Oldfield, 1971), and did not have
any known perceptual or motor disorders. They were
offered a small fee for their participation (10 euros/h).
Experimental setup
Subjects were seated in a completely darkened room,
with their torso strapped into a chair using two safety belts
crossing the chest and waist. A chin rest and head band
mechanically stabilized the head; their positions were
adjusted to individual characteristics. During the experi-
ment, subjects could only move their eyes and right arm
and hand, while the rest of the body remained stationary.
An Optotrak Certus System (Northern Digital, Water-
loo, Ontario, Canada) measured the 3D position of the
fingertip (200 Hz). The actual position of each eye in our
setup, defined as its rotation centers, was taken 1.3 cm
behind the measured pupil position. The position of the
cyclopean eye was computed as the average of the two
eye positions. Binocular eye orientations were recorded
using an Eyelink II System (SR Research, Mississauga,
Ontario, Canada), which was attached to the helmet. The
raw pixel coordinates of the pupil centers on the Eyelink
images (250 Hz) were used to check fixation online. Trials
with erroneous eye movements (e.g., wrong timing/
direction of saccade) were repeated at the end of the
experiment. Eye movements were calibrated at the start
and halfway through the experiment. To this end, pixels
were mapped to angles using a regression model (Beurze
et al., 2006; Van Pelt & Medendorp, 2007, 2008),
calibrated using five horizontal  four vertical reference
positions. Calibration accuracy for the azimuth angle was
always G1- (mean of 0.35- across subjects).
All visual stimuli were presented on a 21-inch flat CRT
screen (Iyama Vision Master 510, refresh rate of 85 Hz,
displaying 1600  1200 pixels). The screen was posi-
tioned at a fixed height; its center was 4 cm above and
52 cm in front of the cyclopean eye, implying that the
screen on average spanned horizontal and vertical visual
angles of j21- to 21- and j20- to 12-, respectively.
Brightness settings were adjusted to exclude background
light emission (background luminance of the screen was
G0.001 cd/m2). A red square of 14  14 pixels (0.4- 
0.4-) served as fixation point (FP), which always appeared
160 pixels (4.0-), from the bottom of the screen (see later
for definition of the horizontal position). The target was a
red circle with a diameter of 24 pixels (0.7-; intensity of
both FP and target G0.05 cd/m2). A mold, fixed to the
chair, positioned about 18 cm in front of the center and
11 cm below the bottom edge of the screen, defined the
starting position of the right index finger.
Main paradigm
A trial started (i.e., the FP appeared) when the finger
position had remained within 2 cm of the predefined
starting position for more than 470 ms. As illustrated in
Figure 3A, a white horizontal reference line was shown
1000 ms later for 500 ms, indicating the required height of
Figure 2. Two conditions used in the saccadic updating paradigm
for interception. After ﬁxation at the initial ﬁxation point (FP1), a
target (T) appears, which has to be intercepted at ﬁxation height.
The ideal interception point (IP) thus must be inferred from target
motion in the visual periphery. At some point, the target
disappears, which is followed by a memory period. In the ﬁxation
condition, subjects keep gazing in the same direction in this
period, while in the saccade condition they shift their gaze using a
saccade to the ﬁnal ﬁxation point (FP2). After the memory period,
subjects execute their manual interception movement.
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interception (which was always the same as fixation
height). On each trial, the left and right endings of this
line were randomly selected to be 30–150 pixels (0.7-–
4.5-) from the edges of the screen; this was done to
prevent target motion to be represented relative to the
(edges of the) memorized line. Then, 500 ms later (i.e.,
2000 ms after trial onset), a target appeared at the top of
the screen (20 pixels or 0.5- from the upper edge), moving
down at 3 pixels per frame (7.1-/s) in vertical direction
and/or j1, 0, or 1 pixel per frame in horizontal direction
(2.4-/s, i.e., there were three approach directions, or ADs,
see Figure 3B). The horizontal position at which the target
passed fixation height (i.e., the interception point, IP)
varied quasi-randomly between trials (see below). After
the target was shown for 2094 ms, it was rendered
invisible (i.e., 554 pixels [15.3-] beneath the upper edge
of the screen) followed 294 ms later by a change of the FP
(for the saccade condition). Subjects were instructed to
make a saccade to the new FP as soon as possible
following this change. An auditory cue (50 ms) sounded
612 ms later (i.e., 3000 ms after target appearance) to
signal that the interceptive movement could be initiated.
Subjects were instructed to act as if the invisible target
continued to move, intercepting it by touching the screen
with their right index finger when and where they thought
the target would reach its final position, at fixation height
(1000 ms after the auditory cue). In total, invisible target
motion thus lasted 1906 ms. Timing requirements did not
vary to emphasize the required spatial control, which
likely is separate at least to some degree from temporal
control (Dessing et al., 2005). Finally, subjects moved
their finger back to the starting position, waiting for the
next trial. Subjects never received feedback about their
performance.
In our design, the horizontal position of the target
trajectories varied as a function of variations in the IP.
The horizontal position of IP varied quasi-randomly from
620 to 980 pixels relative to the left edge of the screen
(corresponding to j5.0- to 5.0-; Figure 2B), while the AD
was rightward, downward, or leftward. The target thus
appeared, disappeared, and passed fixation height at a
different position on each trial. IPs were selected from
discrete levels with additional random variation in order to
reduce the predictability of the experimental conditions.
To this end, the employed IP range was divided in four
equal bins within which the exact value of IP could be
randomly assigned. A similar procedure was used for the
quasi-randomization of the initial and final FPs (FP1 and
FP2; range of 440–1160 pixels relative to the left edge of
the screen, which was j9.9- to 9.9- of visual angle;
Figure 2B). With respect to the FPs, our design was build
on quartets of trials, comprising all possible combinations
of fixation and saccade conditions given two FPs (i.e., for
any FPA and FPB, there were fixation conditions at FPA or
FPB and saccade conditions with gaze shifts from FPA to
FPB, and vice versa). Because the combinations FPA =
FPB and FPB 9 FPA were contained within the quartet of
trials, a full range of FP1/FP2 combinations could be
generated by only selecting quartets for FPB G FPA. Given
four bins for both FP1 and FP2, this yields six bin
combinations for which four FP1/FP2 pairs were selected
(i.e., six quartets). The resulting 24 FP1/FP2 combinations
were run for four IP bins and three ADs, yielding a total of
288 trials in the experiment. In the experiment, these were
Figure 3. Experimental manipulations. (A) Trial sequence of the experiment. After the initial ﬁxation point (FP1) appeared, a reference line
(at ﬁxation height) shortly ﬂashes. Subsequently, the moving target is in view for 2.1 s, after which the location of the ﬁxation point
changes (to FP2) in half of the trials (saccade condition). Then, an auditory cue signals that the interceptive pointing movement can be
initiated (ideally resulting in interception when the target passes ﬁxation height). See text for exact timings. (B) Schematic illustration of the
range of target trajectories (as deﬁned by the interception point, IP (most eccentric options shown), and approach direction AD) and
ﬁxation points (FPs, both initial and ﬁnal; most eccentric options shown) used in the experiment. (C) Gaze angles (upper panels)
and horizontal (middle panels) and forward ﬁnger positions (bottom panels) of a typical subject in ﬁxation and saccade conditions (left and
right panels, respectively). In these trials, the initial ﬁxation was close to straight ahead (T0.3-) and the traces are shown until 100 ms after
the ﬁnger touched the screen. Targets were visible in the gray window indicated for the gaze angles. An auditory initiation cue was
presented 5.0 s after trial onset; the target passed ﬁxation height a second later.
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presented in fully randomized order. Each trial lasted 7 to
8 s; after 7 trials, the light was turned on for È5 s to
prevent dark adaptation. After 49 trials, a 2-min break was
given; each third break involved a recalibration of the eye
tracker. Running the experiment took about 90 min.
Control experiment
Six of our subjects were also tested in a control
experiment to determine their performance for memorized
stationary visual targets in our setup. Stationary targets
were presented at the IP positions used in the main
experiment (although we selected these positions and FP1
and FP2 positions anew, using the procedure described
above). Because there is no AD for stationary targets, the
control experiments involved only 288/3 = 96 trials. The
temporal sequence of FP1, reference line, target, FP2 (in
the case of the saccade condition), auditory cue presenta-
tion, and breaks was identical to those in the main
experiment. The results of this experiment were generally
consistent with earlier findings (Henriques et al., 1998;
Medendorp & Crawford, 2002; Van Pelt & Medendorp,
2008) and are therefore only reported in detail in the
Supplementary material.
Data analyses
Behavioral characteristics
Data were analyzed offline using Matlab (The Math-
works, Nattick, MA, USA). Kinematic data were repre-
sented in a Cartesian coordinate frame (origin at the
bottom left corner of the screen with the positive x-axis
pointing rightward, the positive y-axis forward, and the
positive z-axis upward, all from the perspective of the
subject). In each trial, movement initiation was defined as
the time when the absolute fingertip velocity exceeded 5%
of peak velocity. We defined that the finger position
touched the screen when the fingertip was less than 1.2 cm
from the screen and had a speed lower than 5 mm/s. It
may be safely assumed that in our task subjects predict the
IP as the movement goal while the target is in view
(unlike in other tasks; cf. Dessing et al., 2005; McBeath,
Shaffer, & Kaiser, 1995; Peper, Bootsma, Mestre, &
Bakker, 1994). Therefore, interception errors were defined
as the position where the finger touched the screen relative
to the position of the actual IP. While our analyses
focused on the horizontal interception errors, we also
analyzed vertical interception errors and timing errors,
because these might indirectly influence horizontal inter-
ception errors (i.e., horizontal target position varies with
target height/time for oblique trajectories). However, in
the Results section, we show that our observations are not
due to such indirect influences.
We evaluated all trials offline for adequate eye and
hand movements. We defined gaze direction relative to
the cyclopean eye (see Figure 3C, top panels) and
included trial-by-trial drift correction on the basis of
the most stable gaze direction (within an interval of
30 consecutive samples) during the last 500 ms before
target onset. We included trials if the initial and final gaze
were within T1.5- of the required direction. For each trial,
we also evaluated whether movements were initiated too
early (taking 100 ms after the initiation cue as the earliest
allowed initiation). On the basis of these criteria, we
excluded 4% of trials (ranging from 0% to 9% across
subjects).
Saccade vs. ﬁxation conditions
To quantify the effects of the initial and final IP
eccentricities, we fitted the interception errors for each
subject using a multiple linear regression model of the
form
Error ¼ aþ bADþ cðIPj FP1Þ þ dðIPj FP2Þ: ð1Þ
Here, IP, FP1, and FP2 represent the locations of the
interception point and initial and final fixation directions
(all expressed in visual degrees relative to the center of the
screen), respectively, while AD is the horizontal visual
angle between the initial target position and IP. The
intercept a captures general biases in the interception
errors. Pre-saccadic and post-saccadic transformation
biases would be reflected in the regression coefficients
for (IP j FP1) and (IP j FP2), respectively. Assuming
that neural representations of visual targets are renewed as
long as visual information is available, representation
biases should depend on the most recent available visual
conditions. Thus, any effect of retinal eccentricity on the
target representation should relate to the eccentricity of
the last visible target position, not of the IP. Given that the
target was always presented when subjects gazed at FP1,
this effect corresponds to the initial eccentricity; repre-
sentation biases in our task are thus always pre-saccadic.
The last visible target position in our task was IP j %AD
(with % being the proportion of time the target is invisible
in our task: 1.9 / 4 = 0.475). We separated the associated
initial eccentricity term (i.e., IP j %AD j FP1) into
contributions of IP eccentricity (IP j FP1) and approach
direction (%AD). This analysis was motivated by the
possibility of separate effects of AD (Brouwer, Middelburg,
Smeets, & Brenner, 2003; Dessing et al., 2005) and (IP j
FP1) (see above) on the interception errors. The term (IP j
FP1) in our regression model thus captures influences of
pre-saccadic representation and/or transformation biases
on the interception errors; we devised a new analysis to
distinguish between the effects of these biases (see below).
We tested the significance of the unique contribution of
each term in the regression models at the single-subject
level using F-tests (P G 0.0125, i.e., Bonferroni corrected
for four tests within each subject); these tests evaluate the
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variance explained by each factor (i.e., the part not
correlated with other factors). It should be noted that for
half of the data the terms (IP j FP1) and (IP j FP2) were
actually identical (i.e., for the fixation conditions, FP1 =
FP2). This was not the case in additional regression
models, which were applied separately to the fixation and
saccade conditions. The regression coefficients of these
separate models were compared using paired-samples
t-tests.
By definition, these regression analyses assume a linear
relationship between the error and the explanatory
variables. Because this may not necessarily hold up, we
also compared the interception errors between fixation and
saccade conditions, using a trial-by-trial comparison,
similar to Beurze et al. (2006). We used the quartets of
trials on which we based our design (i.e., all possible
combinations between two FPs, yielding four trials: two
fixation trials at FPA and FPB and two saccade trials with
FPAYFPB and FPBYFPA). We compared the interception
errors between the fixation and saccade trials with similar
initial fixation direction and between those trials with
similar final fixation direction. If the interception errors
mainly depend on the initial fixation direction, there
should be a strong relationship for the first comparison
across all trials. Conversely, if they mainly depend on the
final fixation direction, there should be a strong relation-
ship for the second comparison across all trials. We
assessed the relative contribution of the initial and final
fixation directions by comparing the Fisher Z-transformed
correlation coefficients (R values) of the relationships for
trial pairs differing in FP2 and FP1, respectively (paired-
samples t-test; P G 0.05).
Representation vs. transformation biases
As pointed out in the Introduction section, effects of
initial eccentricity of the IP relative to gaze may arise in
our task due to pre-saccadic representation and/or trans-
formation biases. If our analyses reveal combined effects
of initial and final eccentricities, additional analyses are
needed to differentiate between these pre-saccadic visuo-
motor biases. The first possibility we considered is that
initial and final eccentricity effects reflect pre- and post-
saccadic transformation biases, respectively. If the IP is
stored in separate gaze- and body-centered reference
frames, then a transformation into body-centered coordi-
nates occurs both before and after the saccade. The final
movement plan must therefore reflect a weighted average
of the pre- and post-saccadic movement plans. We applied
this to the quartets of trials that defined our experimental
design (see previous paragraph). The interception error in
a saccade trial (FPAYFPB) should thus reflect a weighted
average of the transformation biases for FPA and FPB (i.e.,
"TA + (1 j ")TB, with subscripts “A” and “B” referring to
the FPs and 0 G " G 1), while in a fixation trial (for FPA or
FPB) it should reflect just one transformation bias (TA or
TB). It follows that the interception error in the saccade
trial should be predictable from the weighted average of
the interception errors in the corresponding fixation trials
(i.e., "ErrorFPA + (1 j ")ErrorFPB). We assessed this
prediction across all trials using the associated Fisher
Z-transformed R values, which we compared across
subjects with those from the original single-trial relation-
ships (P G 0.025, i.e., Bonferroni corrected for two
comparisons). While in the text we mainly present the
outcome for an equal weighting of the gaze- and body-
centered plans (i.e., " = 0.5), we confirmed our con-
clusions for the entire range of relative weightings.
A second possibility is that effects of initial and final
eccentricities reflect pre-saccadic representation biases
and post-saccadic transformation biases, respectively.
One saccade trial of the quartet (FPAYFPB) would reflect
a pre-saccade representation bias RA and a post-saccadic
transformation bias TB, while the other saccade trial
(FPBYFPA) would reflect RB and TA. Similar biases in the
corresponding fixation trials (FPA, FPB) would yield RA
and TA, and RB and TB, respectively. Thus, if interception
performance reflects pre-saccadic representation and post-
saccadic transformation biases, the summed interception
errors of the two fixation trials in each quartet should be
predictable from those of the two saccade trials. We
assessed this prediction across all trials using the
associated Fisher Z-transformed R values, which we
compared across subjects with those of all three of the
aforementioned relationships (P G 0.017, i.e., Bonferroni
corrected for three comparisons).1
Results
This study was designed to explore the effects of gaze
direction and intervening saccades on manual interception
movements. In our task, the goal had to be inferred from
an extinguished target that was previously moving else-
where in the visual periphery. Our analyses specifically
focus on the difference between our fixation condition
(involving stable fixation during the entire trial) and our
saccade condition (involving a gaze shift just after target
occlusion; see Figure 2), in order to provide insights into
the reference frames underlying the representation of the
spatial goal for manual interception.
For comparison, subjects also made reaching move-
ments to stationary targets, with and without intervening
saccades. The results of this control experiment replicated
many previous studies (e.g., Henriques et al., 1998;
Sorrento & Henriques, 2008; Van Pelt & Medendorp,
2008): The reach errors were predominantly affected by
the target’s eccentricity just before reach onset (see
Supplementary material). These findings suggest that a
gaze-centered representation of the stationary target is
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updated across the saccade and only subsequently trans-
formed into body-centered coordinates. The question is:
are similar mechanisms involved in manual interception?
Figure 4 illustrates the range of observed interception
movements in both fixation and saccade conditions, as a
function of the initial and final eccentricities of the IP. We
calculated the average biases in the finger movements in
the transversal plane, relative to straight line from the
initial finger position to the IP (Figure 4A). These
averages were determined separately for trials with the
FP to the left and right of the IP; because the saccade
trials contain two FPs, two separate averages were
calculated for this condition. For reference, Figure 4B
shows how pure effects of initial and final eccentricities
would impact the movement biases. Importantly, the
shape and direction of the predicted trajectories is
arbitrary; the prediction only concerns the pattern in the
difference between positive and negative IP eccentricities
across the fixation and saccade conditions. If the inter-
ception movements only depend on the initial (final)
Figure 4. Illustration of movement biases. (A) Method to calculate biases in the movement trajectories. The trajectories of all trials were
expressed relative to a straight line from the initial ﬁnger position and interception point (IP) before being averaged (illustrated for several
arbitrary points along the trajectory using arrows). To better illustrate the effects, we calculated separate averages for trials with the FP to
the left of the IP and those with the FP to the right of the IP. For the ﬁxation condition (ﬁx), this referred to FP1; for the saccade condition,
this averaging was done twice, once referring to FP1 (sac1) and once referring to FP2 (sac2). For illustrative purposes, only trials with
more eccentric IPs (IP j FP G j5-/IP j FP 9 5-) were used. (B) Predicted initial and ﬁnal eccentricity-dependent movement biases for
the ﬁxation condition and for the saccade condition. These predictions refer to the pattern across ﬁx, sac1, and sac2, not to the speciﬁc
shape of movement bias curves. (C–F) Average top view of the biases in the ﬁnger movements and their 95% conﬁdence intervals of four
subjects; different grayscales and line types are used for trials with the FP (i.e., that used to calculate the average movement biases) to
the left and right of the IP. Where the 95% conﬁdence intervals overlap, an intermediate grayscale is used. The axes in (C) correspond to
2 cm.
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eccentricity, the effect of eccentricity in the fixation
condition should match the effect calculated with FP1
(FP2) for the saccade condition, while there should be no
difference between final (initial) fixation left and right of
the IP (i.e., the lines for sac2 (sac1) should overlap). If
there are combined effects of initial and final eccentric-
ities, there should be an effect of fixation direction for
both sac1 and sac2.
Figures 4C–4F show the movement biases (T95%
confidence interval) for four subjects throughout the
reach, which proved not to uniquely reflect only the initial
or final eccentricity. One subject primarily showed effects
of initial IP eccentricity (Figure 4C) and another mainly of
the final IP eccentricity (Figure 4D). The movement
biases of two other subjects did not match either of the
predictions of Figure 4B. One of these appeared to show
effects of final eccentricity in the fixation condition, with
additional effects of initial eccentricity in opposite
direction in the saccade condition (Figure 4E). For the
other subject, the smaller effects in the fixation condition
appeared to be the sum of the opposite effects of initial and
final eccentricities in the saccade condition (Figure 4F).
Both these subjects thus showed movement biases that
depended on both the initial and final IP eccentricities. A
pattern suggestive of such combined effects was common
across our subjects. It is important to realize that these
movement biases are only illustrative, because they have
been calculated using a subset of trials and detailed effects
of eccentricity have been averaged out. Nevertheless, our
statistical analyses of endpoint biases (i.e., the intercep-
tion errors) largely confirmed the patterns discussed
above, as will be shown next.
Model analysis of horizontal interception
errors
We analyzed the interception errors using a multiple
linear regression model. Since the variability of the
interception errors did not vary significantly with
approach direction (single-subject Levene’s tests, all P 9
0.12; Brouwer et al., 2003), data from all three approach
directions were included in a single regression model. For
each subject, we fit the horizontal interception errors using
Error = a + bAD + c(IP j FP1) + d(IP j FP2). All fits
were significant (P G 10j8 for all subjects), with R values
(0.39 G R G 0.65) comparable to previous studies involving
stationary targets (Beurze et al., 2006; Van Pelt &
Medendorp, 2008). Table 1 lists the coefficients for the
regression models, demonstrating that the interception
errors depended on the final eccentricity in all subjects but
one (Subject 7). This pattern suggests a dominance of
gaze-centered transformation biases, consistent with pre-
vious observations for stationary targets (Henriques et al.,
1998, Medendorp & Crawford, 2002; Sorrento & Henri-
ques, 2008; Van Pelt & Medendorp, 2008). Furthermore,
in six subjects, there was an effect of initial eccentricity;
five of these actually showed both effects. As described in
the Introduction section, effects of initial eccentricity
suggest the presence of pre-saccadic representation or
transformation biases.
To further compare the fixation and saccade conditions,
we also modeled the interception errors of these con-
ditions separately (see Table 2, subscripts “fix” and “sac”
used to distinguish the regression coefficients of the
Subject a b c d R
1 0.75 0.20 j0.01 j0.10 0.61
2 j1.78 0.13 j0.15 0.15 0.63
3 j2.54 0.12 0.09 j0.08 0.39
4 j0.51 0.02 j0.21 0.27 0.57
5 j0.04 0.08 j0.16 j0.08 0.64
6 j2.06 0.15 0.02 0.13 0.58
7 j3.13 j0.03 0.11 0.05 0.41
8 j2.78 0.11 0.00 0.16 0.49
9 j5.66 j0.04 j0.12 0.16 0.45
Table 1. Gaze-centered effects in interception. Note: *Fitting
Error = a + bAD + c(IP j FP1) + d(IP j FP2) to the horizontal
interception errors of each subject. Signiﬁcant regression coef-
ﬁcients (ﬁrst four columns) and correlation coefﬁcients (R, last
column) are depicted in boldface.
Subject aﬁx asac bﬁx bsac cﬁx csac dsac Rﬁx Rsac
1 0.62 0.84 0.17 0.22 j0.09 j0.03 j0.13 0.54 0.68
2 j1.84 j1.68 0.11 0.15 0.06 j0.23 0.08 0.52 0.75
3 j2.37 j2.74 0.08 0.15 0.07 0.03 j0.13 0.27 0.55
4 j0.63 j0.39 0.02 0.02 0.13 j0.27 0.20 0.36 0.70
5 j0.14 0.07 0.04 0.12 j0.26 j0.15 j0.07 0.70 0.61
6 j2.22 j1.91 0.13 0.17 0.16 0.01 0.11 0.63 0.56
7 j2.96 j3.33 j0.04 j0.02 0.17 0.10 0.04 0.48 0.31
8 j2.74 j2.78 0.08 0.15 0.18 j0.02 0.14 0.51 0.51
9 j5.72 j5.61 j0.08 j0.01 0.05 j0.13 0.15 0.36 0.53
Table 2. Separate ﬁts to the data in the ﬁxation and saccade conditions. Note: *Fitting Errorﬁx = aﬁx + bﬁxAD + cﬁx(IP j FP1) to the
interception errors in the ﬁxation condition and Errorsac = asac + bsacAD + csac(IP j FP1) + dsac(IP j FP2) to those in the saccade
condition for each subject. Signiﬁcant regression coefﬁcients (ﬁrst seven columns) and correlation coefﬁcients (Rﬁx and Rsac) are depicted
in boldface.
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fixation and saccade conditions, respectively). Note that,
by design, for the saccade conditions factors (IP j FP1
and IP j FP2) were uncorrelated for all subjects (j0.08 G
R G 0.06; all P 9 0.32). F-tests of the different factors
revealed that five of our subjects showed a significant
gaze-centered overshoot in the fixation condition (i.e.,
significantly positive cfix in Table 2; in two subjects, the
effect failed to reach significance), as observed before for
stationary targets (Beurze et al., 2006; Bock, 1986;
Enright, 1995; Henriques et al., 1998). The remaining
two subjects showed a significant gaze-centered under-
shoot. In the saccade condition, these two plus an
additional subject also showed a significant undershoot
relative to final gaze position. For one subject (S5), these
undershoots reflected the behavior for stationary targets
(Supplementary material); for the others, these under-
shoots may reflect differences in the visuomotor trans-
formation for stationary and moving targets.
We used these regression models to further examine the
effects of eccentricity independently of their specific
direction within subjects (for a similar methodology, see
Beurze et al., 2006; Scherberger, Goodale, & Andersen,
2003; Van Pelt & Medendorp, 2008). If both effects play a
role, the weight of the eccentricity-dependent effect in the
fixation condition should reflect a combination of the
initial and final eccentricity effects in the saccade
condition. Specifically, if these effects have different
origins, they should sum. Across subjects, this prediction
was confirmed qualitatively in that the explained variance
of the relationships between cfix and csac and between cfix
and dsac across subjects was only 7% and 38%, respec-
tively, while it was 66% for the relationship between cfix
and csac + dsac (see Figure 5).
2 The slope of the latter
relationship (0.95) was not significantly different from
unity.
Comparison of interception errors between
ﬁxation and saccade conditions
We sought to support the mixed effects using an
analysis not relying on the assumption of linearity implicit
to any regression model. We first applied an established
analysis to capture the relative strengths of the effects of
initial or final eccentricity, again independently of the
direction and size of the effects for individual subjects
(e.g., Beurze et al., 2006). This comparison involved trials
from the quartets of trials (i.e., all possible fixation and
saccade trials given two FPs; see Methods section for
detailed explanation). If the interception errors mainly
depend on the initial fixation direction, there should be a
strong relationship between the errors in fixation and
saccade trials with similar initial fixation direction.
Conversely, if they mainly depend on the final fixation
direction, there should be a strong relationship between
the errors in fixation and saccade trials with similar final
fixation direction. We assessed the relative contribution of
the initial and final fixation directions by comparing the R
values for these relationships. Figure 6 depicts both
relationships for two subjects, the one subject showing a
higher R for the relationship based on trial pairs with the
same final eccentricity (Figures 6A and 6B) and the other
showing a higher R for the relationship based on trial pairs
with the same initial eccentricity (Figures 6C and 6D).
Before comparing these R values across subjects, we
confirmed that the slopes for both relationships were not
significantly different from 1 (Student’s t-tests, P 9 0.21).
As depicted in Figure 6E, the R values clearly were rather
low and varied considerably across subjects. They were
not significantly different between the relationships (t(8) =
0.42; P 9 0.68). Consistent with the regression models,
this analysis thus suggested that the influence of neither
the initial nor final IP eccentricity was clearly dominant.
This, however, would be expected if interception errors
reflect mixed influences of both eccentricities.
We therefore extended this analysis to test whether an
explanation in terms of mixed influences of initial and
final eccentricities provides a statistically better account of
the observed interception errors. As outlined in the
Introduction section and Methods section, the combined
effect of initial and final eccentricities on the interception
error could reflect pre- and post-saccadic transformation
biases, which would arise if movement plans are gen-
erated in parallel in gaze- and body-centered coordinates.
As explained in the Methods section, this hypothesis
Figure 5. Combined effects of initial and ﬁnal eccentricities:
regression coefﬁcients. Relationship between the regression
coefﬁcients related to the eccentricity of the interception point
(IP j FP) in the ﬁxation condition (cﬁx) and the summed
regression coefﬁcients related to the initial and ﬁnal eccentricities
of the interception point (IP j FP1 and IP j FP2) in the saccade
condition (csac + dsac). The ﬁgure also shows the unity line (thick
black line), the best ﬁtting relationship (dashed line, as determined
using model II regression, York, 1966), and the 95% conﬁdence
intervals of the slopes (gray area). Different subjects are indicated
by different symbols, used consistently throughout this paper.
(°:S1, g:S2, >:S3, :S4, :S5, :S6, :S7, :S8, 0:S9).
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predicts that the interception error in a saccade trial
should be similar to the weighted average of the inter-
ception errors of two fixation trials involving the same
FPs. Across subjects, however, the slopes of this relation-
ship for all trials differed significantly from 1 for a large
range of relative weightings used for the weighted average
(0.03 G " G 0.61; see Methods section). Moreover, the R
values of the relationship were not significantly higher than
both R values of the relationships for similar FP1s and
FP2s for any value of ". This implies that, across subjects,
the hypothesis of combined pre- and post-saccadic trans-
formation biases does not provide a significantly better
account of our data than the original hypotheses of pure
pre- or post-saccadic transformation biases.
Therefore, we tested whether the observed interception
errors reflected combined pre-saccadic representation
biases (i.e., biases in target-related, effector-independent
signals) and post-saccadic transformation biases. This
hypothesis predicts that the sum of the interception
errors of two saccade trials should be equal to the sum of
the interception in the two associated fixation trials
(ErrorFPAYFPB + ErrorFPBYFPA = ErrorFPA + ErrorFPB; see
Methods section). In Figures 7A and 7B, we show the
associated relationships across trials for two subjects.
Across subjects, the slope of this relationship did not
differ significantly from 1 (Student’s t-test; P 9 0.15).
Figures 7C–7E show that the R values are significantly
higher than the R values of all aforementioned relation-
ships (i.e., values above the unity line; t and P values
depicted in panels). For the last comparison, this was
found to hold irrespective of the value of the relative
weighting (") that was used. Even though the effect of
noise increases for summed errors, the R values were
comparable in magnitude to previous observations
(Beurze et al., 2006; Van Pelt & Medendorp, 2007).
Across subjects, the hypothesis of combined representation
and transformation biases thus provides the best account
of the interception errors observed in our experiment.
Additional inﬂuences on interception errors
Our analyses so far assumed that subjects predicted the
IP at some position on the indicated reference line. A
misrepresentation of the height of the reference line,
however, could affect the computation of the predicted IP.
The vertical interception errors provide a marker of this
computation. In general, our subjects touched the screen
below the reference line; in only four subjects, this
vertical error depended on the final horizontal eccentricity
Figure 6. Single-trial interception errors. For two subjects, from a quartet of trials, we depict interception errors in ﬁxation and saccade
conditions with similar FP1s (A and C) and those with similar FP2s (B and D). Each panel also shows a unity line (thick black line) for
reference, while the best ﬁtting line (York, 1966) is presented in (A) to (D) (dashed line). (E) The correlation coefﬁcient obtained in both
relationships for all subjects (R(same FP1) and R(same FP2)).
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of the IP (see Supplementary Table 2). In addition, none
of the comparisons of the R values for relations based on
single-trial or summed interception errors (i.e., those
depicted in Figures 6 and 7) yielded a significant differ-
ence (all P 9 0.25). Similar analyses for the temporal
interception errors did not reveal any consistent pattern
(the full regression model was significant for only two
subjects (see Supplementary Table 3), while none of the
comparisons of R values yielded a significant difference
(all P 9 0.39).
While the effects of final eccentricity for four subjects
could artificially induce effects of final eccentricity on
their horizontal interception errors, these would be in
opposite direction for the two oblique trajectories. How-
ever, such opposite effects would not cancel out
completely if the vertical interception error at each
eccentricity differs in size for those two ADs. We
calculated that the asymmetry in our data was so small
that it could only account for a marginal part (0.1 degree)
of the observed effect of eccentricity on the horizontal
interception errors. We are thus confident that our main
findings are not side effects of variations in the inter-
ception height.
In addition to the eccentricity effects, our regression
models also tested for general biases and effects of target
approach direction (AD). It is most informative to
describe these effects using the models applied separately
to the fixation and saccade conditions. The intercepts in
these models (afix and asac; Table 2) indicated a minor
leftward bias (È2-), which did not statistically differ
between fixation and saccade conditions (P 9 0.56). The
AD coefficients were positive on average; because targets
were also hit below the reference line, this suggests that
targets were hit further along its trajectory. This effect was
larger when a saccade was made (bsac 9 bfix; t(8) = 5.13;
P G 0.001). For models with the term (IP j 0.475AD j
FP1, see Methods section) instead of (IP j FP1),
however, this difference was not significant (P 9 0.71).
Figure 7. Analysis of summed interception errors speciﬁc to combined representation and transformation biases. For two subjects, we
depict the summed interception errors for the saccade condition (~Errorsac) as a function of those of the ﬁxation condition (~Errorﬁx),
selected out of a quartet of trials with similar IPs and ADs (A and B). Each panel also shows a unity line (thick black line) for reference,
while the best ﬁtting line (York, 1966) is also presented in (A) and (B) (dashed line). (C–E) For all subjects, the resulting correlation
coefﬁcients (R(summed)) are given as a function of those obtained for the single-trial relationships (R(same FP1) and R(same FP2)) and
for the relationship based on weighted interception errors (R(weighted); values shown for " = 0.5).
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We thus interpret the mentioned difference to be a by-
product of the fact that representation biases depend on
the last visible target position.
Discussion
In this study, we examined the role of gaze direction
during manual interception. We assessed to what extent
interception errors depend on the initial and final
eccentricities of the interception point relative to gaze in
a spatial updating paradigm, in which a saccade is made
between viewing and reaching toward a moving target. In
a control task involving stationary targets, we replicated
the previous findings (i.e., gaze-centered overshoots and
updating; Baker, Harper, & Snyder, 2003; Henriques et al.,
1998; Medendorp & Crawford, 2002; Poljac & van den
Berg, 2003; Pouget et al., 2002; Sorrento & Henriques,
2008; Van Pelt & Medendorp, 2007, 2008; see
Supplementary material). Similar but more variable
effects occurred for interception. This variability reflected
additional effects of the initial IP eccentricity for some of our
subjects. Such effects have not been reported for stationary
targets and appear to be unique and specific to manual
interception, at least in healthy subjects with intact brains
(Khan, Pisella, Rossetti, Vighetto, & Crawford, 2005).
In line with previous studies, we interpret the effect of
final eccentricity to reflect a bias in the transformation of
the updated representation of the IP into an action-specific
body-centered reference frame (Henriques et al., 1998;
McGuire & Sabes, 2009; Van Pelt & Medendorp, 2008).
Such transformation biases could also explain the findings
of Poljac, Neggers, and van den Berg (2006), who
reported eccentricity-dependent biases when the predic-
tion impact location of a target approaching the head was
manually indicated but not when subjects were asked to
verbally report it.
Eccentricity-dependent representation biases
in interception
The observed effects of initial eccentricity were shown
to reflect representation biases arising in the target-related
signals used to compute the movement plan (see also
Dessing et al., 2009b). These appear to depend on the
retinal eccentricity of the target when it is in view (i.e.,
early during the trial, before the saccade in the saccade
condition). In Appendix A, we show how the behavioral
effects of representation biases remain dependent on the
initial eccentricity even after a saccade, that is, after gaze-
centered updating.
The general absence of effects of initial eccentricity in
our control experiment with stationary targets suggests
that these representation biases somehow arise specifically
when the sensory input includes target motion. Because
motion biases may arise as early as the retina (Berry,
Brivanlou, Jordan, & Meister, 1999), they may influence
performance in tasks that do not involve hand movements
(e.g., perceptual tasks). Indeed, previous studies have
shown that perceived target motion is influenced by retinal
eccentricity (Brooks & Mather, 2000; Johnston & Wright,
1986; Neppi-Mo`dona et al., 2004; Tynan & Sekuler,
1982). Our data suggest that the magnitude of these target
motion-related representation biases varies across subjects
(see also Neppi-Mo`dona et al., 2004).
Given the existence of distinct neural pathways for the
coding of target position and motion (Krauzlis, 2004),
different reference frames may be used to code target
position and velocity. Gaze-centered mechanisms have
been suggested to underlie early visual motion detection
(Berry et al., 1999; Morvan & Wexler, 2005; Wenderoth
& Wiese, 2008), while later motion detection (i.e., after
130 ms; Morvan & Wexler, 2005) and target velocity
memory (Ong, Hooshvar, Zhang, & Bisley, 2009) employ
gaze-independent (i.e., spatiotopic) mechanisms. Visual
motion signals of 150 ms can indeed be integrated across
saccades in gaze-centered as well as gaze-independent
reference frames (Melcher & Morrone, 2003). Gaze-
centered and head-centered reference frames are also used
for extrapolation of target motion (Neppi-Mo`dona et al.,
2004). In a slightly different paradigm, Harris and Dean
(2003) and Welchman, Tuck, and Harris (2004; but see
Welchman, Harris, & Brenner, 2009) observed similar
biases during fixation and pursuit, suggesting a gaze-
independent origin. Finally, allocentric cues such as
stationary and moving structured backgrounds (not
employed here) may also influence target motion signals
(Blakemore & Snowden, 2000; Brenner & Smeets, 1994;
Dessing et al., 2005; Smeets & Brenner, 1995; Soechting,
Engel, & Flanders, 2001).
At the neurophysiological level, the middle temporal
complex (MT+/V5 in humans, MT and MST in monkeys)
plays a central role in the coding of target motion, also
during manual interception (Bosco, Carrozzo, & Lacquaniti,
2008; Ilg & Schumann, 2007; Schenk, Ellison, Rice, &
Milner, 2005; see also Boulinguez, Savazzi, & Marzi,
2009; Senot, Baillet, Renault, & Berthoz, 2008). MT+/V5
has been reported to use a gaze-centered reference frame
(Gardner, Merriam, Movshon, & Heeger, 2008; Krekelberg,
Kubischik, Hoffmann, & Bremmer, 2003; Pitzalis et al.,
2010, but see d’Avossa et al., 2007), although MST appears
to employ gaze-independent coding (Ilg, Schumann, &
Thier, 2004; Inaba, Shinomoto, Yamane, Takemura, &
Kawano, 2007), possibly through gain modulations by eye
position signals (Bremmer, Pouget, & Hoffmann, 1998).
Signals from MT+/V5 reach a range of parietal motion-
sensitive areas, such as area 7a, lateral intraparietal area
(LIP), and the superior parietal-occipital cortex (SPOC; see
Boussaoud, Ungerleider, & Desimone, 1990; Cavada &
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Goldman-Rakic, 1989; Colby, Gattass, Olson, & Gross,
1998; Ungerleider &Desimone, 1986). Area 7a is involved
in interception (Merchant, Battaglia-Mayer, &Georgopoulos,
2004) and may use head-centered coding (Siegel, 1998). LIP
performs extrapolation of target motion (Assad & Maunsell,
1995; see also Olson, Gatenby, Leung, Skudlarski, & Gore,
2004; Shuwairi, Curtis, & Johnson, 2007) and employs a
mixture of gaze-centered and head-centered reference
frames (Mullette-Gillman, Cohen, & Groh, 2005, 2009;
Stricanne, Andersen, & Mazzoni, 1996). Finally, area
SPOC (which may partly include area V6(A); Galletti,
Gamberini, Kutz, Baldinotti, & Fattori, 2005) is also
involved in reaching and appears to encode peripheral
targets in a gaze-centered coordinate frame (Beurze, Toni,
Pisella, & Medendorp, 2010; Galletti, Fattori, Kutz, &
Gamberini, 1999; Marzocchi, Breveglieri, Galletti, &
Fattori, 2008; Vesia, Prime, Yan, Sergio, & Crawford, 2010).
Thus, both psychophysical and neurophysiological
studies suggest that target motion signals may be coded
in both a gaze-centered frame and a variety of other gaze-
independent (e.g., body-centered) reference frames in the
brain. We propose that (eccentricity-dependent) represen-
tation biases arise in the initial gaze-centered stages,
which would explain the effects of initial eccentricity on
manual interception responses in some of our subjects.
Additional factors
The aforementioned sections summarized evidence for
the existence of both gaze-centered and gaze-independent
(i.e., head-, body- or world-centered) representations of target
motion. This evidence may, in fact, suggest that movement
plans are generated in both gaze- and body-centered
reference frames (Dessing, Crawford, & Medendorp,
2010). Indeed, even for stationary targets, studies have
suggested a role for gaze-centered reference frames, as
well as head-centered (Duhamel, Bremmer, BenHamed, &
Graf, 1997; Martinez-Trujillo, Medendorp, Wang, &
Crawford, 2004; Park, Schlag-Rey, Schlag, 2006), shoul-
der-centered (Beurze et al., 2006; Blohm & Crawford,
2007; Khan et al., 2007; see also McGuire & Sabes,
2009), hand-centered (Heuer & Sangals, 1998; Lemay &
Stelmach, 2005; McIntyre, Stratta, & Lacquaniti, 1998), and
allocentric reference frames (Byrne et al., 2010; Carrozzo,
McIntyre, Zago, & Lacquaniti, 1999). This possibility gains
some plausibility from the fact that interception is a more
complex task than reaching to stationary remembered
targets, perhaps requiring the brain to make use of every
mechanism at its disposal to simultaneously store and
process data. While we showed that additional gaze-
independent mechanisms do not explain the effects of
initial eccentricity as well as the proposed gaze-centered
representation biases, we cannot exclude that a small part
of the effect of initial eccentricity may be due to pre-
saccadic transformation biases.
If the interception errors were, in fact, influenced by
saccade amplitude (FP2 j FP1), our regressions models
would have also yielded significant terms of the initial and
final eccentricities with opposite signs (i.e., (FP2j FP1) =
(IP j FP1) j (IP j FP2)). For the saccade condition, a
regression model with the term (FP2 j FP1) instead of
(IP j FP1) and (IP j FP2) explained significantly less
variance than the original model (t(8) = 3.32; P G 0.05).
Because this might reflect the lower number of parame-
ters, we also added the term IP. For this model, the R values
did not differ statistically from those of the original model
(Table 2), while they still did for the fixation condition
(t(8) = 2.32; P G 0.05). This supports an explanation based
on retinal eccentricity, but it also suggests that future
studies should investigate the contributions of these
additional factors in more detail. Such studies could also
focus on other factors not considered by our analysis, such
as effects of the direction of the IP (i.e., adding this factor
would make our model overdetermined). These effects
may be distinguished using subsets of trials in which only
a subset of conditions vary.
Conclusions
Our spatial updating paradigm for manual interception
yielded an important new insight that could not be
predicted from reaching toward stationary targets: namely,
that interceptive reaches are influenced by both the initial
and final gaze directions during spatial updating tasks. We
interpreted the effect of final eccentricity in terms of biases
arising in the transformation of the gaze-centered goal
position or movement plan into body-centered coordinates.
The effect of initial eccentricity was interpreted to reflect
biases in the target-related signals used to calculate the
movement plan. Thus, while similar mechanisms may
underlie manual interception and reaches to stationary
targets, additional biases arise during interception because
the target is moving.
Appendix A
The process of gaze-centered updating can be illustrated
using a simple, linear, one-dimensional model for a
situation with a saccade from FPA to FPB. The initial
gaze-centered representation of a target (TGC) depends on
the position of the target (T) relative to an initial fixation
point (FPA):
TGC ¼ ðTj FPAÞ: ðA1Þ
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The updating process that keeps this representation
aligned with gaze direction involves correcting for the
saccade amplitude, (FPB j FPA):
TGC ¼ ðTj FPAÞjðFPBj FPAÞ ¼ ðTj FPBÞ: ðA2Þ
An eccentricity-dependent transformation bias arises
within the transformation to body-centered coordinates,
which can be represented by adding the final gaze
direction (FPB) plus an eccentricity-dependent error:
TBC ¼ ðTj FPBÞ þ FPB þ bðTj FPBÞ: ðA3Þ
This indeed yields a pointing error (i.e., relative to the
target) that depends on the final target eccentricity:
ErrorBC ¼ ðTj FPBÞ þ FPB þ bðTj FPBÞj T
¼ bðT j FPBÞ: ðA4Þ
Effects of the final eccentricity during manual inter-
ception may be explained by a similar mechanism. We
realized that during target motion eccentricity-dependent
representation biases could also influence the interception
errors (Brooks & Mather, 2000; Johnston & Wright, 1986;
Neppi-Mo`dona et al., 2004; Tynan & Sekuler, 1982). As
will be shown next, such biases would introduce an error
that depends on the initial IP eccentricity. In line with the
analyses above, the gaze-centered representation of the IP
would be represented as
IPGC ¼ aðIPj FPAÞ; ðA5Þ
where a m 1 implies a representation bias. As before,
the updating process involves subtracting the saccade
amplitude:
IPGC ¼ aðIPj FPAÞj ðFPBj FPAÞ: ðA6Þ
Transformation biases arise during the transformation into
body-centered coordinates:
IPBC ¼ aðIPj FPAÞjðFPBj FPAÞ þ FPB
þ bðIPj FPBÞ: ðA7Þ
This yields the following interception error:
ErrorBC ¼ ðaj 1ÞðIPj FPAÞ þ bðIPj FPBÞ: ðA8Þ
Equation A8 shows that a combination of representation
and transformation biases during manual interception
would yield mixed effects of the initial and final IP
eccentricities on the interception errors.
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Footnotes
1It should be noted that the summed interception errors
for the two fixation trials (TA + TB) should also be
predictable from the summed interception errors for the
saccade trials ("TA + (1j ")TB + "TB + (1 j ")TA = TA +
TB) if there are pre- and post-saccadic transformation
biases. This possibility, however, is uniquely tested using
the relationship between interception errors in saccade
trials and the weighted average of the errors in the
associated fixation trials. Moreover, this relationship
should not explain a lot of variance if there are combined
pre-saccadic representation biases and post-saccadic trans-
formation biases.
2Note that this comparison does not suffer from the
different number of parameters in the models for the fixation
and saccade conditions, because it is not the explanatory
value of the actual regression models that is compared here.
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